Purpose: Hunter syndrome (Mucopolysaccharidosis II) is a rare, X-linked disorder of glycosaminoglycan metabolism. It is caused by a deficiency in the lysosomal enzyme iduronate-2-sulfatase, and in affected patients glycosaminoglycan accumulates in lysosomes of various tissues and organs and contributes to the pathophysiology of Hunter syndrome. The Hunter Outcome Survey (HOS) was established to better describe the natural history of this disorder and to evaluate the long-term effect of enzyme replacement therapy. Methods: HOS is an international, multicenter, long-term observational survey that will collect data on participating patients with a confirmed diagnosis of Hunter syndrome. Data will be collected during regular physician examinations and entered into an electronic database. Examples of observations include vital signs, laboratory values, signs and symptoms of organ involvement, and the results of selected functional tests (e.g., audiometry, echocardiogram, joint mobility, etc.). Results: As of May 15, 2007, 263 patients from 16 countries have enrolled in HOS; 24% of these patients were currently being treated with enzyme replacement therapy. The median age at enrollment was 12.2 years. The median age of onset of symptoms and diagnosis of Hunter syndrome were 1.5 and 3.5 years, respectively. Otitis media and abdominal hernia were the earliest presenting symptoms. Facial dysmorphism and hepatosplenomegaly were demonstrated by 95% and 89% of patients, respectively. Conclusions: HOS will be a valuable resource for enhancing the understanding of Hunter syndrome and will provide important information about the natural history of the disease and the role of enzyme replacement therapy in its treatment. Patients and their physicians should be encouraged to participate. Genet Med 2008:10(7):508 -516.
Hunter syndrome (mucopolysaccharidosis II, MPS II) is a rare, X-linked disorder of glycosaminoglycan (GAG) catabolism 1 caused by a deficiency in the activity of the lysosomal enzyme, iduronate-2-sulfatase (I2S). 2 I2S catalyzes the removal of the sulfate group at the two position of L-iduronic acid residues in dermatan sulfate and heparan sulfate, 1 and in affected patients these GAG accumulate in lysosomes of many organs and tissues, contributing to the pathologies associated with Hunter syndrome. Hunter syndrome occurs in all ethnic groups with an estimated incidence of 1 in 140,000 to 333,000 births. [3] [4] [5] [6] [7] [8] [9] Many mutations in the I2S gene, located at Xq28, 10 have been reported, including missense and nonsense mutations, small insertions, and deletions, and rearrangements. [11] [12] [13] Hunter syndrome is a multisystem, multiorgan disorder with a variable age of onset and variable rate of progression. The initial signs of Hunter syndrome emerge in the first decade of life and include coarseness of facial features; enlarged tongue, tonsils, and adenoids resulting in upper respiratory obstruction; and frequent ear infections. 14 -16 Hepatosplenomegaly is common, as is progressive joint and skeletal involvement. The presentation and progression of signs and symptoms are variable. In the most severe phenotype, signs and symptoms occur between 2 and 4 years of age, and progressive neurological involvement is prominent, leading to profound mental impairment. In these patients, death usually occurs in the second decade of life because of respiratory obstruction, neurologic involvement, or cardiac failure. 1, 14 At the opposite end of the phenotype spectrum, patients are spared cognitive involvement but continue to experience all of the somatic signs and symptoms. 15 In this attenuated phenotype, patients typically survive into adulthood.
Historically, management of Hunter syndrome was palliative and directed at symptoms. Hemopoietic stem cell transplantation (HSCT) has been proposed as a method of providing replacement enzyme, but no controlled studies have been performed. The results of HSCT reported in single case studies or in short series of patients have provided no consistent evidence of benefit [17] [18] [19] while showing considerable risk associated with the procedure. 19, 20 The development of recombinant human I2S (Elaprase, idursulfase, Shire Human Genetic Therapies, Inc., Cambridge, MA) has allowed enzyme replacement therapy (ERT) designed to treat Hunter syndrome to be tested in clinical studies. In a Phase II/III double-blind, placebo-controlled trial of idursulfase in 96 patients with Hunter syndrome, patients treated with weekly or every other week doses of 0.5 mg/kg demonstrated statistically significant improvement compared to placebo in the primary endpoint, a composite variable comprising the sum in ranked changes of distance walked in 6 minutes and ranked changes in percent predicted forced vital capacity. 21 Idursulfase has received marketing approval in 34 countries as of October 31, 2007 , including the United States (in June 2006), European countries, Canada, and Japan.
One of the challenges in the development of effective treatment for rare diseases is the incomplete understanding of the natural history of the disease combined with the inability to conduct sufficiently large and sustained placebo-controlled clinical trials. For example, information about the natural history of Hunter syndrome is limited to a few cross-sectional studies 14, 15, 22, 23 and case reports. 24 -27 Although with 96 patients, the pivotal clinical trial was the largest placebo-controlled study of the treatment of a lysosomal storage disease conducted to date, the placebo-controlled component lasted only 12 months. In a disease like Hunter syndrome, in which the pathologies take years to develop, 12 months may be a limited time to fully evaluate the effect of ERT. Patient registries or surveys provide an additional source of information on natural history and response to therapy of rare disease. In the remainder of this report, we will describe the Hunter Outcome Survey (HOS) and present the baseline demographics and general disease characteristics as well as the prevalence of cardiovascular and neurological involvement observed in the participating patients.
METHODS

Patients
Male and female patients with a biochemically confirmed diagnosis of Hunter syndrome are eligible for enrollment in HOS. The diagnosis was based on a biochemical demonstration of a deficiency of I2S activity or on genetic analysis. Reduced or absent I2S activity (usually measured in peripheral leukocytes) was considered diagnostic of Hunter syndrome in males; however, in male patients without a family history of Hunter syndrome, normal activity of another sulfatase was required to rule out multiple sulfatase deficiency. 16 Both biochemical and genetic analyses were conducted at a local laboratory rather than at a central site. All patients or their parents or legal representative provided written informed consent for participation in HOS. Data from patients who had died before the initiation of HOS could also be entered into the HOS database. This group was referred to as "Retrospective." The group of patients who were alive at HOS entry was referred to as "Prospective." Both groups were combined for cross-sectional analyses presented in this report.
Site enrollment
Physicians and centers that care for patients with Hunter syndrome were eligible to join HOS. Each participating center received approval for participating in HOS from their local Institutional Review Board or Ethics committee before enrolling any patients.
Survey design
The HOS is a global, multi-center, long-term, observational survey that is overseen by national, regional, and global scientific advisory boards. These advisory boards are comprised of participating treating HOS physicians who were elected by all participating HOS physicians. All board members are experienced in the management of Hunter syndrome. These advisory boards supervise the analysis of data collected from national, regional, and global cohorts of patients. HOS is supported by Shire Human Genetic Therapies, Inc. (Cambridge, MA).
HOS was designed to acquire data from Hunter syndrome patients obtained in their usual medical care environment. Data obtained during routine examinations were entered into the HOS database through a secure, computer-based application. The central HOS database is supported by Shire HGT, which was also responsible for training participants at each site in the data entry process. The database is anonymous and confidential; data that could be used to identify patients are accessible only by the patient's HOS physician on his or her local computer.
At entry into HOS, patient demographic information and diagnosis criteria were entered into the HOS database, as was a retrospective medical and surgical history. At the baseline visit and at regular examinations thereafter, clinical and laboratory test data that are part of standard medical care for patients with Hunter syndrome were obtained and entered into the database. Examples included vital signs, developmental milestones (e.g., ability to walk, dress and tie shoes, toilet training, ability to talk, etc), laboratory data (e.g., hematology, blood chemistry, incidence of anti-idursulfase antibodies, and urine GAG levels), and signs and symptoms of Hunter syndrome. Table 1 shows the checklist of the signs and symptoms related to Hunter syndrome that was used when conducting the medical history as well as during each follow-up examination. When entering the observations from an examination, physicians were queried as to the involvement of the 15 organs or body systems shown on this list. If they answered "yes" to any of these general inquiries, they were further queried as to the type of involvement as shown in Table 1 . Physicians were requested to enter data in the HOS system as soon as possible after an examination. All therapies and interventions and medications currently being used, including idursulfase, were recorded in the database at each visit. During follow-up, the frequency of examinations was based on the treating physician's standard schedule of care. However, it was recommended that assessments take place at least every 6 months. In addition to the data collected at routine examination visits, physicians were en-couraged to enter results from a series of predefined additional assessments. These additional assessments are listed in Table 2 .
Because HOS was designed to observe patients in their usual care environment, all of the routine and predefined additional assessments (Tables 1 and 2 ) were made using materials and methods commonly used at the treating physician's office or clinic. No HOS-specific assessment protocols were used. Similarly, the designation of a test result or observation as abnormal was made by the treating physician and was based on commonly accepted criteria that were used at that site. 
Abdominal imaging Bronchoscopy
These investigations could be performed at the physician's site using equipment and methods commonly employed at that location.
Statistical methods
For this report, all available data for each patient as of May 15, 2006, were examined. The age of onset of a sign or symptom associated with Hunter syndrome for each patient was defined as the age at which it was first affirmatively entered into the database, or if present before enrollment, as the age of onset as documented by the medical history. All statistical analyses presented in this report were conducted by Shire HGT under the direction of the HOS advisory boards. However, Shire HGT had no role in the selection of tests to be performed or in the interpretation of the results of those tests. Methods of descriptive statistics were used, including prevalence, mean, median, standard deviation, and percentiles. Percent prevalence of individual characteristics was calculated using the sum of the "yes" and "no" responses as the denominator unless otherwise indicated. To evaluate the prevalence of hypertension, blood pressures were converted to Z scores as described by National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and Adolescents. 28 Height, weight, and head circumference of HOS participants were compared with age-specific measurements for the general pediatric population. 29, 30 All analyses were done using SAS software (SAS Institute, Cary, NC). May 15, 2007 . This total included 49 patients who had died before initiation of HOS (the Retrospective group). The baseline characteristics of the patient population are presented in Table 3 . At the time of enrollment, 63 patients (24%) reported a history of ERT with idursulfase. Only three patients reported a history of bone marrow transplantation. Forty-five patients reported participating in a clinical trial of idursulfase. 21 Patients were not queried as to their participation in published natural history studies. Genetic information was available for 140 patients. The following types 
RESULTS
Enrollment into HOS began in
October 2005. A total of 263 patients (262 male, 1 female) from 44 centers in 16 countries had enrolled in HOS as of
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of mutations were reported: complete deletions and large rearrangements (n ϭ 14, 10%), missense (n ϭ 64, 46%), nonsense (n ϭ 39, 28%), splice site (n ϭ 21, 15%), or neutral (n ϭ 2, 1.4%). The one female was in the Retrospective group and had a complete deletion of the gene. Figure 1 , A shows the prevalence (based on the number of "yes" and "no" responses to each feature) of general organ involvement in Hunter syndrome. Specific characteristics of Hunter syndrome (Fig. 1, B) included facial dysmorphism (prevalence ϭ 95%, median age at onset ϭ 2.4 years), otitis media (74%, 1.2 years), nasal obstruction (34%, 2.0 years), enlarged tongue (70%, 3.4 years), enlarged tonsils or adenoids (68%, 2.9 years), enlarged liver or spleen (89%, 2.8 years), abdominal hernia (78%, 1.3 years), and joint stiffness (84%, 3.6 years).
Cross-sectional analysis revealed that average height at first report in HOS was normal up to about age 9 or 10 years (Fig.  2) , and thereafter was below the third percentile. Similarly, average weight was within the normal range until about age 15 years (Fig. 3) . Figure 4 shows the relationship between head circumference and age and demonstrates that Hunter syndrome patients have large heads.
Baseline vital signs are shown in Table 4 and the prevalence of cardiovascular involvement is presented in Table 5 . Figure 5 presents the blood pressure Z scores. Hypertension, defined as having a diastolic or systolic blood pressure greater than the 95th percentile of boys of the same age (i.e., Z score Ն2 28 ) was present in 33.7% of the HOS population who had complete blood pressure data (29 of 86 patients). Cardiovascular involvement was reported in 82% of patients. Heart murmur and valvular involvement were the most common cardiovascular signs found in this population.
Neurological involvement was common and was found in 84% of patients ( Table 6 ). The most common symptoms of neurological involvement were behavioral and cognitive prob- Fig. 1 . A, The prevalence of organ system involvement in the Hunter Outcome Survey (HOS). The percent prevalence is based on the number of patients with an entry of "Yes" or "No" to the question of general organ system involvement shown in Table 1 . B, Prevalence of specific organ involvement in HOS.
lems, which were found in 36% and 37% of patients and had a median age at onset of 3.7 and 3.2 years, respectively.
The age of walking was reported for 97 patients and averaged 1.19 Ϯ 0.38 years (median ϭ 1.08 years, 10th-90th percentile ϭ 0.9 -1.5 years). In 37 patients, the average age of achieving toilet training was 3.25 Ϯ 1.96 years (median ϭ 3.0 years, 10th-90th percentile ϭ 1.8 -5.0 years). In patients older than 5 years, toilet training was reported in 57 of 87 patients (66%). Seven patients were reported as having regressed from having achieved toilet training to having lost this ability.
DISCUSSION
With 263 patients currently enrolled, HOS represents the largest group of Hunter syndrome patients yet to be studied together. Since the initial report by Hunter in 1917, 31 the knowledge about Hunter syndrome and its progression has been based primarily on several cross-sectional and retrospective studies 14, 15, 23 and numerous case reports. 24 -27 Although these cross-sectional studies have been useful in describing the Table 4 Baseline vital signs in the Hunter Outcome Survey a Percent prevalence based on the total number of patients with a "Yes" or "No" recorded for the question about cardiovascular involvement as of May 15, 2007 (N ϭ 202). These designations are based on commonly accepted criteria used at the treating physician's site.
phenotype of Hunter syndrome at particular time points, they lacked longitudinal follow-up, and thus, provide limited information about the progression of the disease. HOS is structured to provide serial follow-up and will add to the understanding of the progression of Hunter disease as the follow-up time increases. This initial report of HOS is a cross-sectional description of the signs and symptoms of Hunter syndrome and in general confirms the previous studies. Linear growth in the HOS cohort is similar to that reported by Young and Harper for both attenuated 15 and severely affected 14 patients. Similar growth parameters were also recently reported for a group of 77 Hunter syndrome patients of mixed phenotypes. 23 Cardiovascular involvement is common in the HOS cohort, in which it was reported in 82% of patients. This prevalence is similar to that reported by Schwartz and colleagues who found some cardiac abnormality in 33 of 38 patients (87%) who had an echocardiographic examination. 23 Similarly, Young and Harper found evidence of cardiac disease in 91% of patients with an attenuated phenotype 15 and in more than 50% of patients with a severe phenotype. 14 The high incidence of cardiac involvement is important because cardiac causes are important contributors to early mortality in both attenuated and severe Hunter syndrome. An unexpected finding was the high prevalence of age-inappropriate blood pressure. In this study population, hypertension was present in 33.7% of the patients. High blood pressure is known to contribute to cardiovascular and kidney disease in adults, 32 but it is not known whether it contributes to the cardiovascular involvement in Hunter syndrome.
In the HOS cohort, some form of neurological involvement was found in 84% of patients (Table 6 ). Prominent neurological involvement, progressing to severe mental impairment, is what defines the severe phenotype of Hunter syndrome. Many of the aspects of neurological involvement listed in Table 6 are not likely to be an indicator of the severe phenotype, because they describe systemic involvement (e.g., carpel tunnel syndrome) or may be the result of nonneurologic skeletal problems (e.g., gait disturbances, coordination and joint restrictions). In other studies, the prevalence of behavioral problems was more common in patients with the severe phenotype than in patients with the attenuated phenotype, 14, 15, 23 but behavioral problems are reported in patients with both phenotypes. 22 Early motor development appeared to be relatively normal in this population. For example, the average reported age of walking was 1.19 years (about 14.3 months). This age is similar to that reported by WHO Multicenter Growth Reference Study Group, who found that the average age of walking to be about 13 months with a 99% confidence interval of 8.2-17.6 months. 33 Similarly, the achievement of toilet training occurs within the normal range. 34 However, in HOS, toilet training was reported in 66% of patients older than 5 years, and 7 patients were reported as having regressed from having achieved toilet training to having lost this ability.
Patient registries or surveys are important tools for understanding the natural history of rare diseases and for evaluating Fig. 5 . Blood pressure Z scores for patients in the Hunter Outcome Survey. The Z score indicates where a patient's blood pressure falls in relation to those in otherwise healthy children of the same age. A Z score of 2 means that the blood pressure was 2 standard deviations above the population mean. Hypertension was defined as having a Z score Ն2 for diastolic blood pressure, systolic blood pressure, or both. Z scores were calculated as described by the National High Blood Pressure Program Working Group on High Blood Pressure in Children and Adolescents. 28 
Table 6
Prevalence of neurological involvement in the Hunter Outcome Survey Prevalence of neurological involvement n (%) Fine motor skill impairment 69 (33) 4.0 a Percent prevalence is based on the total number of patients with a "Yes" or "No" recorded for the question about neurological involvement as of May 15, 2007 (N ϭ 206). These signs and symptoms could be self-reported, reported by parents or guardians, or be the result of neurological evaluation by the physician.
the effect of various management strategies. For example, other patient surveys are currently documenting both the natural history of rare genetic metabolic disorders as well as the impact of ERT on their progression. [35] [36] [37] [38] [39] [40] [41] [42] [43] HOS will be a valuable resource for enhancing the understanding of Hunter syndrome. Not only will it provide valuable information about the natural history of the disease, but as longitudinal follow-up develops, it may allow the identification of early signs and symptoms that are risk factors for the severe phenotype. The ability to identify early those children who will progress to profound neurological involvement is an important aspect of genetic counseling, because a family's mutation usually results in a similar phenotype. In addition, HOS will be an important tool for the evaluation of the efficacy of ERT with idursulfase when used outside of the clinical trial environment, with the ultimate goal of improving the treatment of patients with this devastating, chronic, and progressive disease. Thus, it is important to encourage all physicians and health-care providers who manage Hunter syndrome patients and their families to participate in HOS, regardless of whether the patient is actively being treated with idursulfase.
